G raphene, a two-dimensional crystal made of carbon atoms arranged in a honeycomb lattice, has attracted great attentions because of its exceptional properties since it was first discovered in late 2004. 1 In addition to its promising applications in future ultrahighspeed nanoelectronics, 2 the purely twodimensional atomic structure and high crystallinity make graphene an ideal candidate for use as chemical sensor and biosensor devices. 3, 4 Similar to the modulation of chemical and physical properties of singlewalled carbon nanotubes (SWNTs) using chemical modification in recent years, 5Ϫ8 the chemical modification of graphene, using a direct chemical grafting process, should be an effective way to functionalize its surface to further exploit the possibilities of graphene sensors. 4 Gas-phase functionalization techniques would be extremely useful for the fabrication of sensor devices based on graphene.
6Ϫ8 Exposing SWNTs to atomic hydrogen generated CϪH bonds on the surface of the SWNTs, results in an increase in the sp3 hybridization and an enhancement in the semiconducting characteristics of SWNTs. 7, 8 Surface modification of graphene layers with various functional groups is also expected to alter transport properties that may lead to useful semiconducting devices. 9 In particular, the theoretical prediction of graphane, a fully hydrogenated single layer graphene, shows promising semiconductor properties. 10 Recently, Elias et al. demonstrated the control of the electrical transport properties of single layer graphene by a reversible hydrogenation process. 11 Their work shows the possibilities of conversion of graphene into new graphene derivatives with a regular structure by attaching exotic atoms on the carbon scaffold of graphene. 11 In this paper, we present systematic experimental investigations of the surface modification of graphene sheets of one to five layers using hydrogen plasma treatment. The hydrogenation of bilayer and multilayer graphene is found to be much more feasible than that of single layer graphene on SiO 2 /Si substrate by Raman spectra and micro-XPS spectra characterization. The hydrogenation barriers of the graphene layers show clear dependence on the number of layers. Moreover, it is revealed that there are two types of dehydrogenation mechanism with different dehydrogenation barriers, which exhibit different dependences on the number of graphene layers and the amount of the hydrogen coverage. With proper plasma power and exposure duration, hydrogen coverage on graphene layers could be manipulated up to the saturation state. Our intensive study of hydrogenation and dehydrogenation of graphene layers provides useful information for exploiting the decorated graphene by grafting exotic atoms and functional groups via plasma techniques, which will be an essential way to manipulate chemical and physical properties of graphene for senor devices applications.
RESULTS AND DISCUSSION
The thickness of the graphene layers was identified using Raman and contrast spectrum technique. 12 Graphene layers with various layer numbers (1, 2, 3, 4, 5 and few layers) were simultaneously present in a single graphene flake. They were subjected to hydrogen plasma treatments and subsequent thermal heating under identical conditions so that hydrogenation and dehydrogenation as a function of the layer number can be compared directly. Figure 1a shows the Raman spectra of 1 to 4-layer graphene layers (i.e., 1LG, 2LG, 3LG, 4LG) on the SiO 2 /Si substrate prior to the hydrogenation treatments. The two intense peaks, G band at ϳ1580 cm Ϫ1 and 2D band at ϳ2700 cm Ϫ1 are characteristic of graphene samples, 13, 14 due to the in-plane vibrational (E 2g ) mode and the two phonon intervalley double resonance scattering, respectively. The 2D band of one-layer graphene is very sharp and strong. The increase in layer numbers leads to significant broadening of the width and blue-shift of the 2D band, which could function as the fingerprint in distinguishing the 1LG, 2LG, and multilayer graphene. 14, 15 The intensity of G band increases almost linearly with the increasing number of graphene layers. 16 After hydrogen plasma treatment (10 W, 1 Torr, 1 min), the Raman spectra of the graphene sample change significantly. As shown in Figure 1b , three new peaks at 1340, 1620, and 2920 cm Ϫ1 are observable in all the Raman spectra of the hydrogenated graphene layers. The peak at 1340 cm Ϫ1 is assigned to D band, which is not detected in disorder-free graphene and requires defects for its activation via an intervalley doubleresonance Raman process. 17 Commonly the relative intensity of D band can serve as a convenient measure for the amount of defects in graphene. D band is very sharp with a full width at half-maximum (fwhm) of around 22 cm Ϫ1 in 1LG, and becomes much stronger, indicating more defects, in the 2Ϫ4LG after the hydrogen plasma treatment. The peak at 1620 cm Ϫ1 is called D= band, which takes place via an intravalley doubleresonance process only in the presence of defects. 13 D= peak is rather weak in 1LG but strong in 2Ϫ4LG so that it merges into G band as a shoulder. The weak peak near 2920 cm Ϫ1 is assigned to D ϩ G band, 17 which is a combination of D mode and G mode. The observation of D, D= and D ϩ G bands indicate that defects were introduced into the graphene lattice by the hydrogen plasma treatment. This should be caused by hydrogenation of graphene, which results in the formation of CϪH sp 3 bonds as well as the breaking of the translational symmetry of CAC sp 2 bonds.
11
Our capacitively coupled radio frequency hydrogen plasma is operated at moderate pressure (1 Torr) and low power density (0.03 W/cm 2 ). At this highly collisional condition, the ion bombardment energy is in the range of 5Ϫ15 eV. 18, 19 The ionization rate is below 0.1% and the concentration of proton (H ϩ ), H 3 ϩ and the hydrogen radicals (H atoms) are close to 0.0001%, 0.1%, and 1%, respectively. 18, 19 During the short hydrogenation process (1 min), we may attribute the hydrogena- www.acsnano.org tion of graphene to the contribution of the dominant species, H 3 ϩ and hydrogen radicals, and ignore the situation that the energetic proton (H ϩ ) might overcome the energy barrier (3.7 eV) to penetrate the center of the hexagonal carbon. 20 Therefore, it is acceptable to assume that the hydrogenation happens only on the top graphene layer of the graphene sheets and the intensity of the D band is proportional to the hydrogen coverage on the top graphene layer. As shown in Figure 1b , it is obvious that, under the 10 W hydrogen plasma treatment, the D band intensity and hence the hydrogen coverage on 2Ϫ4LG are much higher than that on 1LG. This conclusion seems to differ from that reported in recent literature, in which hydrogenation is more feasible on 1LG than that on 2LG. 11, 21 This difference might be the result of different hydrogenation conditions. The graphene samples in ref 11 and ref 21 were hydrogenated by hydrogen atoms generated by remote hydrogen plasma and electron-induced dissociation of hydrogen silsesquioxane (HSQ), respectively. Our graphene samples were directly exposed to the hydrogen plasma and immersed in the ocean of hydrogen ions (mostly the H 3 ϩ ) and hydrogen radicals, where the hydrogen radicals become energetic through the collision with energetic ions (H ϩ and H 3 ϩ ) in the sheath of hydrogen plasma operated at the moderate pressures. 18 On the contrary, the hydrogen atoms produced in the above two hydrogenation conditions are not so energetic, and the hydrogenation of 1LG was believed to be facilitated by the high activity of a convex surface in the rippled graphene.
11,21
The DFT study shows that binding a H atom on top of a C atom will shift the C atom around 0.3 Å along the Z direction, resulting in an energy barrier of 0.2 eV for chemisorption of atomic H on graphite/multilayer graphene. 22 It is hard for the inactive atomic H produced by the hydrogenation approaches in ref 11 and 21 to overcome this energy barrier. Thanks to the intrinsic rippled atomic structure of 1LG, 23 a small amount of C atoms on the convex surface can chemisorb the H atoms with very small or no barriers, as the lattice of these C atoms is already deformed in the direction that favors sp3 bonding, which lowers the total energy. 11 However, further hydrogenation of C atoms in other parts of 1LG still need to overcome an energy barrier. Therefore, unlike the graphite surface, 1LG has an nonuniform distribution of hydrogenation barriers. The hydrogenation process of 1LG by inactive H atoms might be attributed to the preferential sticking mechanism, which was demonstrated in the hydrogenation process on the graphite surface and recent DFT investigation in hydrogenation of graphene. 24Ϫ26 After the fist H atom is chemisorbed by a C atom on the convex surface with a very small barrier, the adsorption barrier for subsequent H in the vicinity of the already adsorbed H atoms further reduces or even vanishes due to HϪH interaction, 24Ϫ26 which will cause the H atoms to stick on C atoms step by step to form the hydrogenated clusters surrounded by non-hydrogenated C atoms, namely, non-uniform hydrogenation of 1LG reported recently. 11 The hydrogenation rate of this approach is relatively slow, which is consistent with the observation in ref 11 that hydrogenation duration is typically 2 h for reaching the saturation state with the intensity ratio of D and G band at around 1. For 2LG with less rippled atomic structure, 23 the preferential sticking hydrogenation mechanism can not populate substantial H atoms due to the lacking of "the first H atoms" chemisorbed by C atoms on convex surface. Different from the preferential sticking hydrogenation of graphene layers by atomic hydrogen, which shows clear dependence on the corresponding chemical reactivity, hydrogenation of graphene layers by the energetic species in hydrogen plasma should depend on corresponding energy barriers. 22 Under the same hydrogenation condition, the different hydrogen coverage on 1LG and 2LG indicates the corresponding hydrogenation barriers differ from each other.
After vacuum annealing of the hydrogenated graphene at 500°C for 30Ϫ45 min, almost all of the Raman bands related to the defects (D, D=, D ϩ G) induced by hydrogenation can be eliminated, as shown in Figure 1c . It clearly shows that the defects induced by hydrogenation of graphene are reversible and can be thermally healed to restore the original graphene lattice. It was noticed that the dehydrogenation of graphene layers starts at the temperatures as low as 75Ϫ100°C and dehydrogenation can be completed at 350°C with long annealing duration. The detailed dehydrogenation study will be shown later. Compared with the initial Raman spectra shown in Figure 1a , after high temperature vacuum annealing, the intensity of 2D band in Figure 1c decreased and the fwhm of 2D band became broader; moreover, the G and 2D band peaks of one-layer graphene show a strong blue shift, which should be attributed to the hole doping by adsorbing molecular oxygen after exposing the annealed graphene samples to atmosphere. 27 In Figure 2a , Raman images generated by extracting the G band integrated intensity of the aforementioned graphene sample show clear contrast of the graphene sheets with various layer numbers at five different locations of the SiO 2 /Si substrate. With Raman spectra and contrast spectra characterization, these five regions are identified as one-, two-, three-, four-and few (Ͻ10)-layer graphene, which are marked as 1LG, 2LG, 3LG, 4LG, and FLG in Figure 2a . Figure 2b shows the Raman image generated from the integrated intensity of D band of the same area after hydrogenation. It is interesting to find that the hydrogen coverage on 2LG and 3LG is higher than that of 1LG and 4LG. Moreover, for the graphene of four and more than four layers, the D band absolute integrated intensity decreases with the increase of graphene thickness, but still much higher than that of 1LG. This complex D band intensity evolution of the hydrogened graphene layers with the number of layers is totally different from the monotonous intensity evolution of D band induced by other defects, such as oxidization by O 2 and particle bombardment. 27, 28 The phenomenon that hydrogenation of 2LG and 3LG is more feasible than that of 1LG and 4LG on SiO 2 /Si substrate indicates there is a transition number of the graphene layers with the lowest hydrogenation barrier. The hydrogenation behavior of graphene layers was also studied with H 2 diffusion plasma (30 W, 1 Torr, 1 min), using a Cu plate with small holes (hole size, ϳ0.5 mm) placed 2 mm above the graphene samples. The grounded Cu plate with small holes can block most of the hydrogen ions and radicals from hydrogen plasma and then can reduce the density of hydrogen ions and radicals in the covered region, resulting in a much slower hydrogenation rate of graphene layers. Figure 3a ,b presents the G and D bands intensity image of a graphene sheet that contains one to five layers of graphene with the number of layers marked in the corresponding regions. The Raman spectra taken from 1LG, 2LG, 3LG, 4LG, 5LG, and FLG after hydrogenation were shown in Figure 3c . It is clearly shown that at this relatively mild hydrogenation condition, the D www.acsnano.org band intensity of hydrogenated 2LG is the highest and the D band intensity decreases with increased graphene layers. There is no obvious D band in the Raman spectra of 1LG, however the D band in the Raman spectra of multilayer graphene is obvious. The evolution of D band intensity with the number of graphene layers here reconfirms the phenomenon that the hydrogen coverage is different on the graphene with different layers. Under the same plasma environment, different hydrogen coverage should be caused by different hydrogenation barriers. A recent DFT calculation demonstrates a hydrogenation barrier of 0.53 eV for 1LG, 29 which is larger than the value of 0.2 eV for the graphite surface. 22 The layer number depended hydrogenation barriers of graphene layers need further intensive DFT investigation.
For our capacitively coupled radio frequency hydrogen plasma configuration operated at moderate pressure (1 Torr) and low power density (0.03Ϫ0.1 W/cm 2 ), it is safe to expose the graphene layers directly to the plasma. In fact, the threshold energies for sputtering off carbon atoms in graphite by hydrogen ions was calculated to be about 36 eV, 30 which is above the upper limit value for the ion bombardment energy distribution in our hydrogen plasma. 18, 19 By monitoring with the D band-integrated intensity of the graphene layers and accordingly modulating the plasma powers and process durations, the hydrogen coverage on the graphene layers can be engineered, as shown in Figure 4 . In our plasma configuration, the 1LG can resist the ion bombardment in 30Ϫ40 W hydrogen plasma with reversible hydrogenation. According to their lower hydrogenation barriers, multilayer graphenes, particularly the 2LG and 3LG, can reach their saturated hydrogen coverage much faster than the 1LG. It was observed that the hydrogen coverage of 2LG and 3LG with reversible hydrogenation saturate with the plasma power of 15 W for 1 min duration in our plasma system, whereas the 1LG needs much higher power or longer duration to reach its saturation state. As shown in Figure 4b ,c, further hydrogenation of the graphene layers with saturated hydrogen coverage will etch carbon atoms by forming the unstable CH 2 configuration, 7 causing irreversible defects.
The X-ray photoelectron spectra (XPS) of the graphene sheets hydrogenated by 15 W, 1 Torr hydrogen plasma for 1 min was studied using the scanning photoemission microscopy (SPEM) with a microfocused beam (1 m). The C 1s core-level spectra of hydrogenated 1LG, 3LG, and 5LG are shown in Figure 5 . The C 1s spectra were fitted with three components: the main peak at a binding energy (BE) of 284.4 eV is assigned to sp2 hybridized C atoms in graphene; 31 another peak at higher BE of 285.05 eV is assigned to sp3 hybridized C atoms due to the formation of CϪH and CϪC bonds by hydrogenation; 31 the other component with lower BE at 283.5 is very weak, which may originate from the interface states and doping effect. 32, 33 For 1LG, the intensity ratio of sp3-and sp2-hybridized carbon components is 0.2, corresponding to the hydrogen coverage of 0.2/1.2 ϭ 16.67%, where 100% hydrogen coverage means every carbon atom in the top layer of graphene layers was hydrogenated. 31 At an excitation energy of E hv ϭ 630 eV, C1s photoelectrons have an E kin ϭ 345 eV and the corresponding attenuation length () is about 8 Å. 34 With the electron escape depth of 4.6 Å (d ϭ cos ϭ 55°) and the graphene interlayer distance of 3.4 Å, we can roughly estimate that the signal from the top graphene layer contributes 60% and 55% for the sp2 component intensity of 3LG and 5LG, respectively. 34 The intensity ratio of sp3-and sp2-hybridized carbon components of 3LG and 5LG are 0.5 and 0.3, respectively. Therefore, the hydrogen coverages of 3LG and 5LG are 0.5/(0.5 ϩ 1 ϫ 0.6) ϭ 45.5% and 0.3/(0.3 ϩ 1 ϫ 0.55) ϭ 35.3%, respectively. 31 We noted that the hydrogen coverage of 3LG here is close to the saturation coverage on HOPG surface (ϳ50%). 24, 35 The hydrogen coverage of 3LG is the largest among the three graphene layers we studied; the hydrogen coverage of 5LG decreased but is still significantly higher than that of 1LG, which is constant with our Raman imaging observation in Figure 2b . The XPS characterization offers a strong support for the above conclusion that the hydrogenation barriers of graphene layers are dependent on the layer number of graphene layers.
The dehydrogenation of graphene layers with different hydrogen coverage, that is, graphene layers hydrogenated with 5 and 15 W, 1 Torr hydrogen plasma for 1 min, was studied with in situ Raman spectroscopy. After thermal annealing in vacuum, the Raman D band decreases in intensity relative to the G band, and the fwhm of the G and the 2D band slowly was restored to its pristine state. The I D /I G ratio (integrated intensity) starts to exhibit an obvious decrease with the annealing temperature as low as 75°C, as shown in Figure 6a ,c. Such a low dehydrogenation temperature (100 Ϸ 200°C ) of the slightly hydrogenated graphene was also recently observed by Ryu et al. 21 However, for our hydrogenated graphene samples with low hydrogen coverage, an interesting phenomenon is observed: when the samples are annealed with the increased temperature around 175Ϫ200°C, the I D /I G ratio nearly remains unchanged, which means the residual defects cannot be thermally healed with the annealing temperature below 200°C. With increased annealing temperature, I D /I G ratio again starts to decrease rapidly and at last the D band vanishes completely. It seems that there are two stages for the dehydrogenation process (I and II marked in Figure 5a ,c) with a boundary at around 175Ϫ200°C, which should correspond to two types of dehydrogenation mechanisms with different dehydrogenation barriers, similar to the dehydrogenation process of graphite surface. 35, 36 To further study of the above-mentioned phenomenon, ⌬(I D /I G ), the difference in I D /I G at two adjacent annealing temperatures, was plotted with the annealing temperature (Figure 6b,d ). The fitting curves appear similar to the thermal desorption spectra (TDS) of hydrogen on graphite surface. 35 In fact, with the hypothesis that the D band-integrated intensity of the graphene layers within medium hydrogen coverage is linearly proportional to hydrogen coverage, Figure 5b and Figure 5d should be similar as the thermal desorption spectra with very low heating rate (50 K/1800 s). The thermal desorption spectra of hydrogen on graphite surface was interpreted with first order rate law, in which the dehydrogenation barriers show direct proportion to the desorption peak of annealing temperatures. 35 If the dehydrogenation of graphene also follows the first order rate law, the temperature peak in Figure  6b and Figure 6d can be used to roughly estimate the dehydrogenation barriers. As shown in Figure 6b ,d, the desorption peak, that is, the dehydrogenation barrier, of the dehydrogenation process I increases with increased hydrogen coverage, which should be attributed to the HϪH interaction at high hydrogen coverage. 35, 36 The dehydrogenation barrier of 2LG in dehydrogenation process II is close to that of hydrogenated graphite surface, 35, 36 and larger than that of 1LG. This is consistent with recent DFT calculations that for single-side hydrogenation, hydrogenated 2LG has a more stable structure than that of 1LG. 29 It should be noted that, for the highly hydrogenated graphene layers with saturated hydrogen coverage, such as 2LG hydrogenated by 15 W plasma, the hydrogen can also be totally healed by thermal annealing.
CONCLUSION
In conclusion, the hydrogenation of graphene layers by hydrogen plasma is reversible, even at its saturated hydrogen coverage. The hydrogen coverage can be engineered by modulating the parameters such as plasma power and process duration, and the hydroge- www.acsnano.org nation rate of graphene layers is controlled by the hydrogenation energy barriers, which show clear dependence on the number of layers. The Raman spectra and micro-XPS spectra investigation demonstrates that the hydrogenation of bilayer and multilayer graphene is much more feasible than that of single layer graphene on SiO 2 /Si substrate. Moreover, it was revealed that there are two types of dehydrogenation mechanisms with different dehydrogenation barriers, which show significant dependence on the layer number of graphene sheets and the amount of the hydrogen coverage. Our study provides useful information for exploiting the decorated graphene by grafting exotic atoms and functional groups via plasma techniques.
EXPERIMENTAL SECTION
Graphene flakes on Si wafer substrate with a 300 nm SiO 2 cap layer were prepared by mechanical cleavage of highly ordered pyrolytic graphite (HOPG). Optical microscopy was used to locate the graphene flakes. The graphene sheets of one to five layers were confirmed by Raman and contrast spectroscopy/ image on a WITEC CRM200 Raman system using a 100ϫ objective lens with a numerical aperture (NA) of 0.95. 12 The excitation source for Raman spectroscopy is a 532 nm laser (2.33 eV) with a laser power below 1 mW to avoid laser-induced heating. Illumination source for the contrast spectroscopy is normal white light. For Raman imaging, the sample was placed on an XϪY piezostage and scanned under the illumination of laser light with a step size of 200 nm. To hydrogenate the graphene flakes, the graphene samples were directly immersed in hydrogen plasma at 1 Torr (133 Pa) with different input powers and process duration. The hydrogen plasma was ignited between two metallic parallel-plate electrodes of 20 cm in diameter and 4 cm separation in a capacitively coupled radio frequency (13.56 MHz) PECVD reactor. X-ray photoelectron spectroscopy of the hydrogenated graphene sample was performed using the 8A1 beamline of the Pohang Accelerator Laboratory in Korea with an incident photon energy of 630 eV and beam size of 1 um. The C 1s core-level spectra were measured with an incident angle of 0°and an emission angle of 55°, where the angle is 0°when the directions are perpendicular to the surface. The dehydrogenation process was studied in situ in high temperature and vacuum by Raman spectroscopy performed in a thermal stage (Linkam TS1500) with the base vacuum pressure of 0.5 Pa. The sample was rapidly heated (50°C/min) to the desired annealing temperature and then annealed for 30 min. The dehydrogenation in vacuum was repeated with annealing temperature from 75 to 500°C.
